2+ are required for oocyte activation and subsequent development. Calmodulin-dependent protein kinase II (CaMKII) plays a crucial role in oocyte activation. However, how CaMKII is regulated during this process is not well characterized. We show here for the first time in rat oocytes that CaMKII is phosphorylated during oocyte activation. CaMKII phosphorylation was suppressed by KN93, a CaMKII inhibitor, but not KN92, which is the inactive analogue of KN93. Electrical stimulation of rat oocytes resulted in degradation of both cyclin B and Mos, presumably due a rise in Ca 2+ induced by the electrical pulse. KN93 blocked the degradation of both proteins induced by the electrical pulse. Addition of a protein phosphatase inhibitor, okadaic acid (OA), further increased the amount of CaMKII and also increased the amount of phosphorylated enzyme. Importantly, in oocytes undergoing spontaneous activation, accumulation and phosphorylation of CaMKII also occurs in a time-dependent manner. Consistent with this, addition of KN93 inhibited spontaneous activation. Collectively, our results show that CaMKII is phosphorylated during oocyte activation and that this phosphorylation is involved in inactivation of p34 cdc2 kinase and somewhat involved in degradation of Mos. Furthermore, CaMKII phosphorylation is negatively regulated by a protein phosphatase.
n mammals, matured oocytes are arrested at the metaphase-II (MII) stage until fertilization o r a r t i f i c i a l a c t i v a t i o n . F ol l o w i ng s p e rm penetration, initiation of a series of biochemical and physiological changes takes place that includes exocytosis of cortical granules (CG), alternation of the properties of zona pellucida, changes in the activity of meiotic kinases, and resumption of the cell cycle, and these changes are altogether referred to as oocyte activation [1] . It is well known that oocyte activation requires the participation of Ca 2+ -dependent pathways. One of the Ca 2+ -dependent pathways involves the calmodulin-dependent protein kinase II (CaMKII). CaMKII is an important member of the calcium/calmodulinactivated protein kinase family that functions not only during oocyte activation, but also during neural synaptic stimulation and T-cell receptor signaling [2, 3] . In sea urchin eggs, the established role of CaMKII in promoting CG exocytosis has been revealed by antibody injection [4] . In frog eggs, CaMKII activates the anaphase-promoting complex/cyclosome (APC/C) [5, 6] . The activated APC/C, with its E3 ligase activity, leads to subsequent proteolysis of target proteins via the 2 6 S p r o t e a s o m e c o m p l e x ; p 3 4 c d c 2 k i n a s e inactivation via the destruction of cyclin B and securing occur via this mechanism [7] [8] [9] . In mammals, intracellular Ca 2+ elevation induced by electrical pulse triggers the destruction of cyclin B and meiotic resumption from MII arrest, but the treatment of these oocytes with myristoylatedautocamtide-2-related inhibitory peptide (AIP) prevents decrease of p34 cdc2 kinase activity [10] [11] [12] . Furthermore, it has been reported that injection of a constitutively active CaMKII construct is sufficient to induce activation in mouse oocytes [13] . Therefore, CaMKII plays a crucial role in oocyte activation, especially in the inactivation of p34 cdc2 kinase in mammalian oocytes. However, how the activity of CaMKII is regulated during oocyte activation is still unclear, especially whether or not phosphorylation and activation of CaMKII plays a role in rat oocyte activation.
A high proportion of rat oocytes undergo 'spontaneous activation'. Rat oocytes collected from the oviductal ampullae are immediately and spontaneously released from MII arrest and progress to the anaphase-II or telophase-II stage [14, 15] . However, these oocytes do not form pronuclei and instead progress to the metaphase-III stage [14, 16] . Spontaneous activation is greatly reduced if the collected MII oocytes are cultured in calcium-free medium, although under these conditions most of the oocytes degenerate [17] . These results suggest that Ca 2+ is required for spontaneous activation of rat oocytes and raise the possibility that CaMKII may be easily activated in this species. It is well known that the binding of Ca 2+ /calmodulin to the regulatory domain of CaMKII releases its autoinhibitory effect and activates the kinase in mammalian neurons [18] . F u r t h e r m o r e , t h e a c t i v a t e d C a M K I I c a n au top h o s p h o r yl a te a t T h r 28 6 and b e c o m e constitutively active [18] . It is possible that a sequence event analogous to the events in the neurons may take place in rat oocytes leading to spontaneous activation. However, how CaMKII is regulated in mammalian oocytes and, more specifically, in the rat remains to be determined.
In this study, we investigated the role and mechanism of activation CaMKII during rat oocyte activation following administration of electrical pulses. During the course of these studies, we used KN93 (CaMKII inhibitor) and KN92 (inactive analogue of KN93), which are widely used to investigate the functions of this kinase. We also tested the effect of a protein phosphatase inhibitor, okadaic acid (OA), since it has been reported that CaMKII phosphorylation can be negatively regulated by protein phosphatase 1. Lastly, we also examined whether CaMKII phosphorylation was involved in the spontaneous activation of rat oocytes.
Materials and Methods

Reagents and antibodies
KN93, KN92, and OA were purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA). Stock solutions were dissolved in DMSO (Sigma) at 10 mM (KN93 and KN92) and 2 mM (OA) and were kept at -30C until just before use. The working concentrations were obtained by dilution with modified rat 1-cell embryo culture medium (mR1, [19] ). In some experiments, sodium orthovanadate (Sigma-Aldrich) was used for induction of phosphorylated p34 cdc2 kinase at Tyr15 (which is an inactive form of p34 cdc2 kinase), as reported by Kikuchi et al. [20] . Vanadate was dissolved in mR1 at 0.5 mM just before use. Cyclin B1 (V152) and phospho-cdc2 (p-cdc2) (Tyr15) antibodies were purchased from Cell Signaling Technology ( B e v e r l y , M A , U S A ) . C d c 2 a n t i b o d y w a s purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Mos, CaMKII and phosphoCaMKII (p-CaMKII) antibodies were purchased from Stressgen Biotechnologies (Victoria, BC, Canada).
Oocyte preparation
All procedures for handling and treatment of the an i m a l s w e r e c o n d u c t e d a c c o r d in g t o th e Guidelines for Animal Care and Use of the National Institute for Physiological Sciences. Specific-pathogen-free Slc:SD female rats (4-5 weeks old) were purchased from Japan SLC, Inc. (Shizuoka, Japan). The rats were housed in an environmentally-controlled room with a 12-h dark: 12-h light cycle at a temperature of 23 ± 2C and humidity of 55 ± 5%, with free access to laboratory chow (MF; Oriental Yeast Co., Ltd., Tokyo, Japan) and filtered water. Rats were superovulated by intraperitoneal injections of 300 IU/kg equine chorionic gonadotropin (eCG: Sankyo Yell Yakuhin, Co., Ltd., Tokyo, Japan) and 300 IU/kg human chorionic gonadotropin (hCG: Sankyo Yell Yakuhin) at 48-h intervals [21] .
Fourteen hours after the hCG injection, cumulusoocyte complexes were collected from the oviductal ampullae of donor rats with mR1 supplemented with 0.1% hyaluronidase (Sigma-Aldrich). After the cumulus cells were removed, the denuded oocytes were washed three times with fresh mR1 and kept in the same medium at 37 C until they were subjected to the treatments. The time of collection of denuded oocytes was defined as 0 min, and it usually took 10-15 min from animal sacrifice to preparation of denuded oocytes. Some of the denuded oocytes were artificially activated by two direct current (DC) pulses (50 V/mm, 99 µsec) [15] . Electrical stimulation usually took place about 5 min after denuding of the oocytes. The activated oocytes were further cultured in KN93-or KN92-supplemented medium. In our preliminary study, the 50 µM concentration of KN93 was the most effective for inhibition of oocyte activation by electrical stimulation. This concentration was used for the artificial activation experiments. The resumption of meiosis was evaluated using an inverted microscope (400×) by determining whether or not oocytes extruded the second polar body.
Western blot analysis
W e st ern b lot analysis was based on t he procedures reported by Ito et al. [22] . Forty oocytes were placed in plastic tubes containing 5 µl of Laemmli sample buffer. After denaturing by boiling at 99.5 C for 5 min, 4.5 µl of the protein sample was separated by SDS-PAGE on 12.5% polyacrylamide gel (Bio-Rad Laboratories, Hercules, CA, USA) and was then transferred onto a PVDF membrane (Amersham Biosciences Corp., Piscataway, NJ, USA). The membrane was blocked using blocking buffer [3% (w/v) non fat dry milk (Amersham Biosciences) in T-PBS] always then incubated with Mos antibody (1:500), cyclin B1 antibody (1:500), CaMKII antibody (1:1,000), pCaMKII antibody (1:250), cdc2 antibody (1:1,000), or p-cdc2 antibody (1:250) overnight at 4 C in T-PBS supplemented with 5% (w/v) BSA. After three washes in T-PBS, the membranes were treated with horseradish peroxidase-labeled anti-mouse or antirabbit Immunoglobulin G (IgG; 1:1,000, Cell Signaling Technology) in blocking buffer for 1.5h at room temperature. After one wash of 15 min and five washes of 5 min each with T-PBS, the peroxidase activity was visualized using an ECL P l u s W e s t e r n B l o t t i n g D e t e c t i o n S y s t e m ( A m e r s h a m B i o s c i e n c e s ) a c c o r d i n g t o t h e manufacturer's instructions. The density of each band was obtained using a computer image analysis program (ImageJ, version 1.32J).
Statistical analysis
Statistical analysis was carried out by KruskalWallis test using the Statview (Abacus Concepts, Inc., Berkeley, CA, USA) program. When a significant difference was found, Kruskal-Wallis tests were followed by Dunn's post-hoc tests. All p e r c e n t a g e d a t a w a s s u b j e c t e d t o a r c s i n e transformation before statistical analysis, and this transformed data was analyzed by ANOVA. Data are shown as means ± SEM.
Results
Phosphorylation of CaMKII is induced by artificial activation in rat oocytes in a time-dependent manner and is involved in the degradation of Mos and cyclin B
Activation of CaMKII seems to be sufficient for meiotic resumption from MII arrest, since injection of a constitutively active form of CaMKII induces oocyte activation in the mouse [13] . Therefore, we i n v e s t i g a t e d t h e i n v o l v e m e n t o f C a M K I I phosphorylation in oocyte activation in the rat. First, we assayed the time-dependent changes of phosphorylated CaMKII in oocytes activated by administration of an electrical pulse. This data is shown in Fig. 1 (A) . In the control (non-treated) oocytes, phosphorylated CaMKII was slightly increased after 1 h of culture. Polar body extrusion was also increased in these control aged oocytes. On the other hand, oocytes treated with an electrical pulse showed a further increase in CaMKII phosphorylation that was maintained for 1 h. Most of these oocytes extruded the second polar body 1h post electrical pulse.
To investigate whether CaMKII activation/ phosphorylation is induced or not, collected oocytes were activated by an electrical pulse and further cultured for 2 h in medium supplemented with KN93 or KN92. The amounts of p-CaMKII and CaMKII were then examined. As shown in Fig.  1 (B) , both p-CaMKII and CaMKII significantly increased to about 1.5-fold in oocytes treated with KN92 after a DC pulse. On the other hand, the level of p-CaMKII in KN93-treated oocytes dramatically decreased to undetectable levels after 2 h of culture, whereas the total levels of CaMKII were slightly increased. As for polar body extraction, the rate for KN92-treated oocytes was significantly higher than that for the other groups (Fig. 1C) . This data shows that CaMKII and its phosphorylation increased after artificial oocyte activation by an electrical pulse and that KN93 treatment inhibited this phosphorylation. W e t h e n i n v e s t i g a t e d w h e t h e r C a M K I I phosphorylation affects inactivation of p34 cdc2 kinase and degradation of the Mos protein, since it is well known that p34 cdc2 kinase and Mos are involved in cytostatic factor activity, which is required for arrest at the MII stage [23, 24] . A high amount of Mos protein was observed in the MIIoocytes ( Fig. 2A) , although the Mos signal dramatically decreased within 0.5 h of activation in both the KN92-and KN93-treated groups. By 1 h after activation, the signal had decreased to an undetectable level in the KN92-treated oocytes, while in the KN93 group, Mos protein did not decay further. In regard to cyclin B, the level in the KN92-treated group dramatically decreased in a time-dependent manner, but the level in oocytes treated with KN93 did not change until 1h (Fig. 2B ).
I n o o c y t e s t r e a t e d w i t h v a n a d a t e ( 2 h )
, phosphorylation of cdc2 (Try15) was observed, as previously reported by Kikuchi et al. [20] using pig oocytes (Fig. 2C) . Although a small amount of pcdc2 (an inactivated form of p34 cdc2 kinase) was recognized in the oocytes of both the KN92-and KN93-treated groups, but not in the MII-oocytes, all groups showed a similar level of total cdc2. This data suggests that phosphorylation of CaMKII was involved in the decrease of both Mos and cyclin B during artificial activation of the rat oocytes.
Fig. 1. The kinetics of CaMKII during oocyte activation in
t h e r a t . ( A ) T i m e -d e p e n d e n t c h a n g e s o f phosphorylated CaMKII and extraction of the polar body. The time at which a DC pulse was administered was considered 0 h. Data are expressed as relative percentages of the level of p-CaMKII in oocytes collected immediately after DC pulse stimulation (defined as 100%). The effect of CaMKII inhibition on CaMKII phosphorylation (B) and polar body extraction (C). DC: oocyte collected immediately after electrical stimulation. KN92, KN93: oocytes treated with KN92 or KN93 for 2 h after electrical stimulation. Asterisks denote significant differences between treatment groups (p<0.05). Different superscripts denote significant differences (p<0.05). Data are expressed as relative percentages of the level of each p-CaMKII and total CaMKII in oocytes collected immediately after DC pulse stimulation (defined as 100%). These experiments were replicated at least 3 times.
Activation of CaMKII is negatively regulated by protein phosphatases during rat oocyte activation
W e t h e n e x a m i n e d w h e t h e r a p r o t e i n phosphatase was involved in the regulation of CaMKII in rat oocytes. Similar levels of both pCaMKII and total CaMKII were maintained for 2 h in oocytes treated with an electrical pulse (Fig. 3) . However, the level of p-CaMKII dramatically increased to about 1.8-fold in oocytes treated with OA after electrical stimulation.
KN93 treatment inhibits spontaneous activation, which is related to phosphorylation of CaMKII
To evaluate the effect of CaMKII inhibitors on spontaneous resumption of meiosis in the rat, oocytes were collected and cultured for 4 h in the presence/absence of KN93 and KN92. In the absence of KN93, control oocytes extruded the second polar body and progressed to the anaphase-II or telophase-II stage (Fig. 4A) . However, resumption of meiosis was suppressed in a dosedependent manner in oocytes treated with more than 25 µM KN93. The addition of KN92 had no effect on resumption of meiosis. Western blotting for CaMKII during spontaneous activation showed that total CaMKII was low in oocytes immediately after collection. Importantly, no phosphorylated CaMKII was present. Nonetheless, after in vitro culture, the accumulation of phosphorylated CaMKII was detected (Fig. 4B) .
Discussion
CaMKII plays a crucial role in Xenopus [5, 6] , mouse [10, 25, 26] , and pig [27] fertilization. It has , and cdc2 and p-cdc2 (C) in the MII-oocytes (A and B) and the oocytes treated with vanadate for 2 h (C), respectively (defined as 100%). These experiments were replicated at least 3 times. been reported that addition of the inhibitory peptide of CaMKII decreases oocyte activation induced by ethanol and electrical stimulation in the mouse [28, 29] and pig [30] . However, the regulatory mechanisms that underlie activation of this enzyme in mammals are presently unknown. Therefore, we investigated how the phosphorylation of CaMKII is affected during rat oocyte activation. First, oocytes activated by electrical stimulation were evaluated. Electrical stimulation has been shown to induce a rise in Ca 2+ [31] , and therefore it is expected to activate CaMKII [30] . As shown in Fig. 1A , phosphorylation of CaMKII was induced in a time-dependent manner after electrical stimulation and was similar to what has been reported in mouse eggs [10, 25] . Following CaMKII phosphorylation, extraction of the polar body was also observed. This phosphorylation was inhibited by KN93 treatment, but not KN92 treatment. In regard to extraction of the polar body, KN93 had an inhibitory effect, but not KN92. These results show that the events of oocyte activation in the rat, including polar body extraction, require CaMKII phosphorylation.
KN93 is a specific CaMKII inhibitor that selectively binds to the calmodulin binding site of the enzyme and prevents association of calmodulin with CaMKII [32] [33] [34] [35] . However, the effect of KN93 on other aspects of the Ca 2+ pathways cannot be discounted as KN93 has also been suggested to inhibit Ca 2+ release directly through binding to the calmodulin-binding site of the inositol triphosphate receptor [36] . It is possible that the effects of KN93 on the phosphorylation of CaMKII observed in this study may be due to the actions of KN93 on several steps of the pathway that lead to the activation of the enzyme. Consistent with our findings, Fan et al. [30] reported that KN 93 had an inhibitory effect on CaMKII in pig oocytes activated by electrical stimulation, as if it was a specific inhibitory peptide of CaMKII.
In Xenopus oocytes, activation of CaMKII by sperm induces p34 cdc2 kinase inactivation that depends on cyclin B destruction via the ubiquitin proteasome pathway [5, 6] . P34 cdc2 kinase is involved in cytostatic factor activity, which is required for meiotic arrest at the MII stage [37, 38] . This activity is regulated by the Mos-MAP kinase pathway [39] [40] [41] . Th erefore, we secondly examined the roles of CaMKII phosphorylation in the decrease of p34 cdc2 kinase activity and Mos during oocyte activation in the rat. Our present s t u d y r e v e a l s t h a t i n h i b i t i o n o f C a M K I I phosphorylation using KN93 greatly decreased the degradation of cyclin B and, to a lesser extent, the degradation of Mos. These results suggest that CaMKII phosphorylation during oocyte activation was involved in both the decrease of Mos and p34 cdc2 kinase inactivation via degradation of cyclin The time-dependent changes of p-CaMKII and total CaMKII during spontaneous activation in rat oocytes. Different superscripts denote significant differences (p<0.05). Data are expressed as relative percentages of the level of each p-CaMKII and total CaMKII in oocytes cultured for 0.5 h. (defined as 100%). These experiments were replicated at least 3 times.
B. As inhibition of CaMKII could not suppress the decrease of Mos completely, both CaMKII and Ca 2+ -dependent cysteine protease, Calpain, might be involved in the degradation of Mos as shown in Xenopus oocytes [42] .
In neurons, the phosphorylation state of CaMKII is negatively regulated by protein phosphatase 1, which dephosphorylates p-CaMKII at Thr286 [43] . Based on this report, we evaluated whether an analogous regulatory mechanism of CaMKII was at play during oocyte activation in rats. OA treatment dramatically accelerated phosphorylation of CaMKII by 1.8-fold. This treatment did not suppress the increase of CaMKII. Therefore, this data suggests the possibility that phosphorylation of CaMKII is inhibited by a protein phosphatase until the time of Ca 2 + elevation and oocyte activation. Interestingly, in neurons, it has been reported that protein kinase A (PKA) accelerates Thr286 phosphorylation of CaMKII and that this phosphorylation is suppressed by protein phosphatase 1 [43] . Further experiments are required to determine the interaction between PKA and protein phosphatase in rat oocytes. Taken together, our present study strongly supports the hypothesis that phosphorylation of CaMKII in the rat oocyte is negatively regulated by a protein phosphatase.
Finally, we examined whether phosphorylation of CaMKII was involved in spontaneous activation in the rat. Consistent with this idea, in vitro culture increased phosphorylation of CaMKII in rat oocytes. Moreover, KN93 treatment dramatically inhibited spontaneous activation in rat oocytes in a dose-dependent manner. These results suggest that spontaneous activation in rat oocytes is dependent on CaMKII activation. Our previous report [15] showed that the p34 cdc2 kinase activity of rat oocytes cultured in vitro decreased in a timedependent manner. Therefore, phosphorylated CaMKII induces p34 cdc2 kinase inactivation, which is involved in spontaneous activation. What remains to be uncovered is why rat oocytes have such a great propensity to undergo spontaneous activation. Our results raise several possibilities, one of which implies that CaMKII may be more easily activated by environmental Ca 2+ in this species. Support for this notion stems from our findings that a decreased concentration of extracellular free calcium in handling medium partially inhibited spontaneous activation of rat oocytes (Ito and Hirabayashi, unpublished data).
In conclusion, we showed for the first time that phosphorylation of CaMKII is induced during oocyte activation and that this phosphorylation is involved in inactivation of p34 c d c 2 kinase. M o r e o v e r , a c t i v a t i o n h a s l i t t l e e f f e c t o n downregulation of the Mos protein. CaMKII phosphorylation, which is observed during spontaneous activation of rat oocytes, is negatively regulated by a protein phosphatase.
